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The early reionization (ERE) is supposed to be a physical process which happens after recombina-
tion, but before the instantaneous reionization caused by the first generation of stars. We investigate
the effect of the ERE on the temperature and polarization power spectra of cosmic microwave back-
ground (CMB), and adopt principal components analysis (PCA) to model-independently reconstruct
the ionization history during the ERE. In addition, we also discuss how the ERE affects the cosmo-
logical parameter estimates, and find that the ERE does not impose any significant influences on
the tensor-to-scalar ratio r and the neutrino mass at the sensitivities of current experiments. The
better CMB polarization data can be used to give a tighter constraint on the ERE and might be
important for more precisely constraining cosmological parameters in the future.
I. INTRODUCTION
According to the standard model of cosmology, the universe was almost full of neutral hydrogen and helium after
the epoch of recombination. However, many direct measurements of the ionization state of the universe including the
Gunn-Peterson effect in QSOs [1–3] and Lyman alpha emission in galaxies [4–6] indicate that intergalactic gas has
been almost fully reionized by z ∼ 6 and the universe was no longer neutral at z < 10. But we don’t know when
the transition, so-called cosmic reionization, took place. In the literature there are many different candidates for the
sources of the cosmic reionization for different onset of the reionization process. Although star-forming galaxies at
6 <∼ z < 10 are taken as the main agents of reionization [7, 8], Thomson optical depth to electron scattering τre
derived from star-forming rate ρSFR is smaller than that constrained by Planck [9]. On the other hand, much higher
redshift ionization sources are still allowed. See, for example, [10, 11]. There are several possible processes that might
had modified the ionization state of the universe at high redshifts: the decay or annihilation of dark matter (DM)
transmuted mass of DM into energy, a fraction of which would be deposited into the intergalactic medium (IGM) and
then heat, ionize or excite the neutral atoms [12–16]; primordial black holes (PBHs) immersed in an baryon gas will
be accreted onto by gas and DM, which produced radiation heating, ionizing or exciting the IGM [17–19]. In fact, not
only can a well-understood ionization history of the universe help us to probe the microscopic properties of DM and
the abundance of massive PBHs in turn, but also is important for determining cosmological neutrino mass [20, 21],
detecting CMB B-Modes from inflationary gravitational waves [22], exploring the large scale anomalies in the CMB
[23, 24] and testing the single-field slow-roll consistency relation [25].
In this paper we investigate the early reionization (ERE) epoch between the standard instantaneous reionization
caused by the first generation of stars and recombination. Here we don’t specify what physical mechanism causes it,
but turn to a model-independent method, called principal component analysis (PCA), to reconstruct the ionization
history during the ERE. Although applying PCA to reionization have been done in many works, for instance [26–28],
they only explored the low-redshift region (z < 30). Here we focus on the ERE which may happen in the region of
20 <∼ z < 910, and see how the ERE affects the cosmological parameter estimates.
This paper is organized as follows. In Sec. II, we sketch out the effects of ERE on the CMB temperature and
polarization power spectra. In Sec. III, we utilize PCA to model-independently reconstruct the ionization history
during the ERE from Planck 2015 data. In Sec. IV, we investigate how the ERE affects the estimates of the tensor-
to-scalar ratio and the neutrino mass. Summery and discussion are given in Sec. V.
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2II. EFFECTS OF THE EARLY REIONIZATION ON THE CMB POWER SPECTRA
The recombination of Helium III to Helium II, Helium II to Helium I and Hydrogen recombination last from z = 104
to late time, and the ionization fraction defined by
xe(z) ≡ ne
nH
(1)
decreased from 1.16 to around 10−4, where ne is the number density of free electrons and nH is the total number
density of Hydrogen nuclei. When the first generation of early star-forming galaxies were formed, the reionization of
neutral Hydrogen and the first reionization of neutral Helium occur in the intergalactic medium and the ionization
fraction is usually supposed to be with a tanh-like increase, namely the instantaneous reionization,
xe(z) =
{
xe,rec(z), for z ≥ zbeg ;
f−xe(zbeg)
2
[
1 + tanh
(
y(zre)−y(z)
∆y
)]
+ xe(zbeg), for z < zbeg ,
(2)
where f = 1 + nHe/nH = 1.08 denotes the ionization fraction of a fully ionized universe, zre is the redshift when the
universe is half reionized, zbeg = zre + 8×∆z, ∆y = 1.5
√
1 + zre∆z with ∆z = 0.5, y(z) = (1 + z)
3
2 is used by CAMB
[29], and xe,rec(z) is the ionization fraction of recombination history given by RECFAST [30]. The ERE is supposed
to happen before the instantaneous reionzation, and then the ionization fraction for z ≥ zbeg should be modified to
xe,rec(z) + ∆xe(z), where ∆xe(z) encodes the information about the ERE. Therefore, after considering the ERE, the
ionization fraction takes the form
xe(z) =
{
xe,rec(z) + ∆xe(z), for z ≥ zbeg ;
f−xe(zbeg)
2
[
1 + tanh
(
y(zre)−y(z)
∆y
)]
+ xe(zbeg), for z < zbeg .
(3)
The optical depth for Thomson scattering due to the late-time instantaneous reionization is defined by
τre ≡
∫ zbeg
0
[xe(z)− xe,rec(z)]nH(z)σT dz
H(1 + z)
, (4)
and the optical depth contributed by the ERE is
∆τ ≡
∫ z∗
zbeg
∆xe(z)nH(z)σT
dz
H(1 + z)
, (5)
where σT is the Thomson cross section and z∗ is the redshift of recombination.
The effects on the CMB angular power spectra from the ERE and reionization are encoded in the the photon transfer
functions ∆
(S)
Tl (k) and ∆
(S)
El (k) which are obtained by integrating their corresponding source function S
(S)
T,E(k, η) and
spherical Bessel function jl[k(η0 − η)] along the line of sight, [31, 32],
∆
(S)
Tl (k) =
∫ η0
0
dηS
(S)
T (k, η)jl[k(η0 − η)], (6)
S
(S)
T (k, η) = g
(
∆
(S)
T0 + 2α˙+
v˙b
k
+
Π
4
+
3Π¨
4k2
)
(7)
+ e−τ (κ˙+ α¨) + g˙
(
α+
vb
k
+
3Π˙
4k2
)
+
3g¨Π
4k2
,
∆
(S)
El (k) =
√
(l + 2)!
(l − 2)!
∫ η0
0
dηS
(S)
E (k, η)jl[k(η0 − η)], (8)
S
(S)
E (k, η) =
3gΠ
4(η0 − η)2k2 , (9)
Π = ∆
(S)
T2 + ∆
(S)
P2 + ∆
(S)
P0 , (10)
g = −τ˙ e−τ , (11)
τ(η) =
∫ η0
η
dηneσTa (12)
α =
h˙+ 6κ˙
2k2
, (13)
3where h and κ are the scalar perturbations of metric in the synchronous gauge, vb is the baryon velocity, η0 is the
conformal time at present, and the dots denote the derivatives with respect to the conformal time η. Since the integral∫ η0
0
dηg(η) = 1, the visibility function g is taken as a probability density that a photon last scattered at η.
For the temperature power spectrum, the source function S
(S)
T (k, η) consists of three parts: the anisotropy terms
with a factor of g, the integrated Sachs-Wolfe (ISW) term e−τ (κ˙ + α¨) and the anisotropy terms with derivatives
of g. Since the xe evolves smoothly, the anisotropy terms with derivatives of g should not be dominant. The
contribution of the ISW effect to the temperature power spectrum is not affected by the modification of the ionization
history because the early ISW effect takes place quite before the recombination and the late ISW effect occurs at
low redshifts where our universe has been fully reionized. Therefore, the effect of the reionization, including the
late instantaneous reionization and the ERE, on the temperature power spectrum mainly comes from the anisotropy
terms with a factor of g. At recombination, only monopole makes contribution to the temperature power spectrum
on large scales, but all of monopole, dipole and quadrupole contribute to the the temperature power spectrum on
small scales. After recombination, even though higher multipoles enter horizon on the intermediate and large scales
gradually, their contributions are negligibly small. However, a photon might been scattered by the free electrons due
to the reionization. Thus, the temperature power spectrum observed today is suppressed by
∫ η∗
0
dηg(η) ∼ e−(τre+∆τ).
Since the polarization power spectrum on small scales was also formed at recombination, it is suppressed by
∼ e−(τre+∆τ)/(η0 − η∗)2. However, the quadrupoles scattered by free electrons through Thomson scattering can
induce polarization on the intermediate and large scales when they enter horizon gradually after recombination.
If the ERE occurs at around ηere, the polarization power spectrum on the intermediate scales is enhanced by ∼
(e−τre − e−(τre+∆τ))/(η0 − ηere)2 ∼ ∆τ/(η0 − ηere)2. Similarly, on the largest scales (` <∼ 10), the late instantaneous
reionization enhances the polarization power spectrum by ∼ (1− e−τre)/(η0 − ηre)2 ∼ τre/(η0 − ηre)2.
In order to explicitly illustrate the effect of the ERE on the CMB power spectra, we keep τre + ∆τ = 0.089 fixed,
and consider three different ionization histories: ∆xe(z) = 0 and zre = 11; zre = 8 and zere = 200; zre = 8 and
zere = 500, where
∆xe(z) ∼ 1
2
[
tanh
(
zere − z
10
)
+ 1
]
(14)
which are showed in Fig. 1. The CMB power spectra without tensor perturbations for these three ionization histories
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FIG. 1: Ionization histories of the universe. Here τre + ∆τ = 0.089 are kept fixed for these three cases.
are showed on the left panel of Fig. 2. Similar to the scalar perturbations, we can also illustrate the contributions from
the tensor perturbations to the CMB power spectra on the right panel of Fig. 2. First of all, the temperature power
spectra and the polarization power spectra at high ` for different ionization histories are almost the same respectively
if τre + ∆τ is kept fixed. It is just what we expect. If the ERE happens, the E-mode polarization power spectra
4 
l(l
+1
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FIG. 2: Effects on the CMB angular power spectra for different reionization histories. Here the tensor-to-scalar ratio r = 0.1
on the right panel.
on intermediate scales are enhanced by ∼ ∆τ/(η0 − ηere)2. Since τre + ∆τ is kept fixed, the enhancements of the
polarization power spectra on large scales (` <∼ 10) become smaller compared to that without the ERE. Finally, we
need to mention that the ERE does not significantly enhance the CMB B-mode power spectrum on the intermediate
scales if ∆τ is not too large.
III. A MODEL-INDEPENDENT ANALYSIS OF THE EARLY REIONIZATION
In this section we will introduce the principal components analysis (PCA) and use this model-independent method
to reconstruct the early reionization history.
We suppose that the ionization fraction due to the ERE takes the form
∆xe(z) =
N∑
i=1
αi
1
2
[
tanh
(
zi − z
∆z
)
+ 1
]
, (15)
where ∆z is the spacing between the {zi}, and {αi} are the coefficients. Here we assume that the ERE may happen
in the range of 10 < z < 910, and take N = 89 and ∆z = 10. It implies that there are nighty redshift-bins covering
this redshift range, z1 = 20 and z89 = 900.
Adopting Eq. (15), we can compute the effect of nonzero {αi} on the anisotropy spectrum by ∂ lnC`/∂αi under a
fiducial model in which the cosmological parameters are listed in Tab. I. According to the discussion in the former
Ωbh
2 Ωch
2 Ωνh
2 H0 τre ns 10
9As
0.02225 0.1198 0.00065 67.27 0.079 0.9645 2.207
TABLE I: The cosmological parameters in the fiducial model.
section, we notice that the E-mode polarization power spectrum is sensitive to the ERE, and therefore we focus on
the matrix of ∂ lnCEE` /∂αi which are showed in Fig. 3.
In principle, in turn, we should use E-mode polarization power spectrum to estimate the {αi}. However, in practice,
the large number of free parameters including usual CMB parameters and {αi} make parameter estimation impossible
in a likelihood analysis. Fortunately, we can turn to the Fisher matrix of all-sky polarization experiment for the ERE
Fij =
∑
`
(`+
1
2
)
∂ lnCEE`
∂αi
∂ lnCEE`
∂αj
. (16)
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FIG. 3: The matrix of ∂ lnCEE` /∂αi.
Diagonalizing the matrix F by an orthogonal matrix S
Λ = STFS, (17)
the old basis of
{
1
2
[
tanh
(
zi−z
∆z
)
+ 1
]}
and the new basis of {bµ(z)} can be related to S by
bµ(z) =
N∑
i
1
2
[
tanh
(
zi − z
∆z
)
+ 1
]
Siµ, (18)
and ∆xe(z) can be represented by the new basis of {bµ} as
∆xe(z) =
Nβ∑
µ
βµbµ(z). (19)
Since the i-th column of S is the eigenvector of F corresponding to the eigenvalue λi, we can fix S by ordering {λi}
to be λ1 > λ2 > ... > λNβ . The largest eigenvalues contain the most information of the ERE. The fist five and last
five new basis are illustrated in Fig. 4.
Now we are ready to reconstruct the ionization history during the ERE. Utilizing the new parameterization of
∆xe(z) in Eq. (19), we can use Planck TT,TE,EE+lowP released in 2015 [9] to constrain the coefficients {βµ} of
the basis {bµ}. Here we consider three cases: Nβ = 1 denoted by β1ΛCDM model; Nβ = 3 denoted by β3ΛCDM
model; Nβ = 5 denoted by β5ΛCDM model. Note that the values of {βµ} in every model must satisfy the condition
of 0 ≤ xe(z) <∼ 1.16. Our results are included in Tab. II and Figs. 5, 6 and 7. From these results, there is no
evidence for the ERE and the instantaneous reionization is quite consistent with the data. At 95% confidence level,
the limits on ∆τ are ∆τ < 0.007 for β1ΛCDM model, ∆τ < 0.022 for β3ΛCDM model, and ∆τ < 0.031 for β5ΛCDM
model, respectively. Finally, for an instance, the ionization history for β3ΛCDM model are illustrated in Fig. 8. From
Fig. 8, there is still a room for the ERE in the range of 10 < z <∼ 500.
IV. EFFECT OF THE EARLY REIONIZATION ON THE COSMOLOGICAL PARAMETER
ESTIMATES
In this section we investigate how the ERE affects the cosmological parameter estimates. Because the ERE mainly
disturbs the CMB polarization power spectra on the intermediate and large scales, we take the ERE into account
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FIG. 4: The fist five new basis on the left panel and the last five new basis on the right panel.
β1ΛCDM β3ΛCDM β5ΛCDM
Ωbh
2 0.02224± 0.00016 0.02223± 0.00016 0.02223± 0.00016
Ωch
2 0.1199± 0.0016 0.1202± 0.0016 0.1202± 0.0016
100θMC 1.04076± 0.00033 1.04065± 0.00035 1.04070± 0.00038
zre 9.98± 1.58 9.55± 1.66 9.17± 1.66
ln(1010As) 3.092± 0.033 3.098± 0.033 3.100± 0.033
ns 0.9643± 0.0047 0.9653± 0.0050 0.9642± 0.0052
β1 0.000000± 0.000014 0.000030± 0.000027 0.000048± 0.000036
β2 - 0.000018± 0.000056 0.000068± 0.000072
β3 - -0.000179± 0.000141 -0.000249± 0.000179
β4 - - 0.000232± 0.000262
β5 - - 0.000087± 0.000390
∆τ 0.000± 0.004 0.008± 0.007 0.012± 0.009
τre + ∆τ 0.079± 0.017 0.081± 0.017 0.082± 0.017
TABLE II: The 68% limits on the cosmological parameters in β1ΛCDM model, β3ΛCDM model and β5ΛCDM model from
Planck TT,TE,EE+lowP datasets.
and explore how it will modify the constraints on the tensor-to-scalar ratio r and the neutrino mass respectively. Our
results are summarized in Tab. III.
Primordial gravitational waves can be generated during inflation in the very early universe, and the amplitude of
gravitational-wave power spectrum is parametrized by the so-called tensor-to-scalar ratio r. The primordial gravi-
tational waves can contribute to the CMB B-modes mainly on the intermediate and large scales. In the ΛCDM+r
model with instantaneous reionization at low redshift and the pivot scale kp = 0.01Mpc
−1, the constraint on r is
r0.01 < 0.071 (20)
at 95% confidence level (CL) by combining Planck TT,TE,EE+lowP+lensing, BICEP2 & Keck Array [33] and BAO
including 6dFGS [34], MGS [35], LOWZ and CMASS of BOSS DR12 [36, 37]. Furthermore, we consider an extended
cosmological models, namely β3ΛCDM+r model, and see how the ERE affects the constraint on the tensor-to-scalar
ratio r. The results is
r0.01 < 0.074 (21)
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FIG. 5: Constraints on the coefficient of the first basis and ∆τ in β1ΛCDM model from Planck TT,TE,EE+lowP.
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FIG. 6: Constraints on the coefficients of the first three basis and ∆τ in β3ΛCDM model from Planck TT,TE,EE+lowP.
at 95%CL in β3ΛCDM+r model. The contour plots show up in Fig. 9. We find that the constraints on r and ns in
the model with ERE do not significantly change compared to those in the model with the instantaneous reionization.
The main signature of massive neutrinos in the CMB comes about via the early ISW effect, and it is worthy
considering how the ERE affects the constraint on the neutrino mass. Again we constrain the neutrino mass in the
instantaneous reionization model and find ∑
mν < 0.140 eV (22)
at 95% CL by combining Planck TT,TE,EE+lowP and BAO datasets. The constraints become∑
mν < 0.139 eV (23)
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FIG. 7: Constraints on the coefficients of the first five basis and ∆τ in β5ΛCDM model from Planck TT,TE,EE+lowP.
FIG. 8: Ionization history of universe in β3ΛCDM model.
9Planck TT,TE,EE+lowP+lensing, BICEP2&Keck Array and BAO Planck TT,TE,EE+lowP and BAO
ΛCDM+r β3ΛCDM+r ΛCDM+
∑
mν β3ΛCDM+
∑
mν
Ωbh
2 0.02231± 0.00014 0.02231± 0.00014 0.02233± 0.00014 0.02232± 0.00015
Ωch
2 0.1184± 0.0010 0.1182± 0.0011 0.1187± 0.0011 0.1187± 0.0012
100θMC 1.04096± 0.00030 1.04095± 0.00031 1.04091± 0.00030 1.04085± 0.00032
zre 9.14± 1.11 8.98± 1.26 10.47± 1.47 10.14± 1.56
ln(1010As) 3.122± 0.021 3.123± 0.021 3.102± 0.033 3.104± 0.033
ns 0.9681± 0.0040 0.9690± 0.0045 0.9676± 0.0042 0.9683± 0.0045
β1 - 0.000013± 0.000024 - 0.000020± 0.000027
β2 - 0.000026± 0.000053 - 0.000022± 0.000058
β3 - -0.000150± 0.000125 - -0.000173± 0.000133
r0.01 (95%) < 0.071 < 0.074 - -∑
mν (95%) - - < 0.140 eV < 0.139 eV
∆τ - 0.003± 0.006 - 0.005± 0.007
τre + ∆τ 0.070± 0.012 0.072± 0.012 0.084± 0.017 0.086± 0.017
TABLE III: The 68% (or 95%) limits on the cosmological parameters in ΛCDM+r model and β3ΛCDM+r model from the data
combination of Planck TT,TE,EE+lowP+lensing, BICEP2&Keck Array and BAO. And the 68% (or 95%) limits on the cosmo-
logical parameters in ΛCDM+
∑
mν model and β3ΛCDM+
∑
mν model from the data combination of Planck TT,TE,EE+lowP
and BAO.
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FIG. 9: Constraints on the cosmological parameters in ΛCDM+r model and β3ΛCDM+r model from the combination of
Planck, BICEP2 & Keck Array and BAO datasets.
at 95% CL in β3ΛCDM+
∑
mν model. See the contour plots in Fig. 10 and constraints on the free parameters in
Tab. III. We see that the constraint on the neutrino mass becomes just slightly tighter in β3ΛCDM+
∑
mν model
than that in the instantaneous reionization model.
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FIG. 10: Constraints on the neutrino mass in ΛCDM+
∑
mν model and β3ΛCDM+
∑
mν model.
V. SUMMARY AND DISCUSSION
Even though the instantaneous reionization at redshift less than ten is consistent with the data, the possibility of a
reionization which occurs at higher redshifts but after recombination due to the accretion of gas onto primordial black
holes and/or annihilation of dark matter etc is still allowed. In this paper we find that the ERE mainly disturbs the
CMB polarization power spectra on the intermediate and large scales if the total optical depth is kept fixed. Adopting
the Planck polarization data, we model-independently reconstruct the ionization history during the ERE, and find
that an order of 10−2 optical depth due to the ERE is still allowed.
In addition, we also explore how the ERE affects the cosmological parameter estimates. Because both the tensor
perturbations and the neutrino mass disturb the CMB power spectra on the intermediate and large scales, we take the
ERE into account and constrain the tensor-to-scalar ratio and the neutrino mass by adopting the currently available
cosmological data. We find that the ERE does not significantly change the constraints on cosmological parameters at
the sensitivities of current experiments. However, a tighter constraint on the ERE might be important if we want to
more precisely constrain the cosmological parameters in the future.
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